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A B S T R A C T   
An extended statistical comparison of numerous precipitation parameters (absolute, minimum, and maximum 
totals; number of days with precipitation; and duration of precipitation in particular months, seasons, and longer 
periods) and the 48-y long dendrochronological reconstruction of landslide activity was conducted for a 
generally unmonitored landslide slope at Karpenciny, Western Carpathians, Poland. The Karpenciny landslide is 
a deep (approximately 40 m) translational landslide consisting of large, poorly fragmented, and almost intact 
landslide blocks. It is located only 2.4 km from the meteorological gauging station. We aimed to explore the long- 
term dependence of this landslide on precipitation conditions and reveal the precipitation parameters crucial for 
its activity, that is, direct triggers and preparatory antecedent precipitation. Therefore, dendrochronological 
records of tree-ring eccentricity and compression wood in 35 Norway spruce trees were correlated with 520 
precipitation parameters (including seasonality, duration, and total), which might influence the activity of the 
studied landslide. Ten best-correlated precipitation parameters and seasonal sums of summer half-years and 
preceding winter half-years (separately and in total, i.e. as 12-month sums), were then tested for their potential 
in establishing precipitation thresholds for landslide activity. The analysis of multiple precipitation parameters 
enabled us to develop precipitation thresholds based on both direct causes and long-term preparatory precipi-
tation necessary to accelerate the studied landslide. From the tree-ring data, we established landslide-safe 
conditions and 0.5-probability thresholds for a particular landslide slope. This study also generated compre-
hensive data on the seasonality of antecedent and triggering precipitation, long-term periods of antecedent 
precipitation, critical minimum levels of precipitation that sustain slope imbalance, and the importance of 
generally wet conditions (demonstrated as a high total number of days with precipitation regardless of its totals) 
as a factor in landslide activity. These patterns of landslide-precipitation dependence would not have been 
revealed with standard methods and standard precipitation parameters applied in threshold analyses. Thus, long- 
term reconstructions can be a valuable source of data for precipitation thresholds of landslide activity.   
1. Introduction 
Precipitation thresholds are commonly applied as indicators of pre-
cipitation levels which pose a threat to landslide reactivations (Guzzetti 
et al., 2007; Segoni et al., 2018). The concept has already been explored 
for over five decades (Endo, 1969; Campbell, 1975), with abundant 
examples of thresholds established in various mountainous areas and for 
landslides of diverse relief, structure, and geological settings (Crosta and 
Frattini, 2001; Brunetti et al., 2010; Bíl et al., 2016; Garcia-Urquia, 
2016; Remaître and Malet, 2017; Saito et al., 2017; He et al., 2020; Yang 
et al., 2020). However, for most of these established precipitation 
thresholds, the data on landslide activity usually cover 5–20 years 
(Segoni et al., 2018). Longer, more representative and reliable datasets 
are rarely involved (Giannecchini, 2005; Lagomarsino et al., 2013; Rosi 
et al., 2015; Garcia-Urquia, 2016). Datasets with observations from 
more than one landslide slope can be extended (Brunetti et al., 2010; 
Martelloni et al., 2012; Peruccacci et al., 2012, 2017; Segoni et al., 
2014a; Bíl et al., 2016; He et al., 2020). However, this can result in 
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serious generalisation. Moreover, precipitation thresholds are mainly 
based on landslide inventories which only include the most severe 
events of slope activity (Giannecchini, 2005; Brunetti et al., 2010; 
Garcia-Urquia, 2016; He et al., 2020; Yang et al., 2020) available for 
direct, naked-eye observations. Diagnosing the causes of such strong 
events is crucial because of the consequent losses and damages. How-
ever, such inventories are fragmentary compared to the entire range of 
landslide activity, which includes not only sudden and strong displace-
ments but also smaller accelerations and periods of stability (e.g., Xu 
et al., 2020). 
The above-mentioned issues result mainly from limited access to 
systematic and continuous monitoring of landslide activity. Regular 
observations and measurements of landslide movement covering pe-
riods of more than two decades remain rare (Giannecchini, 2005; Beh-
ling et al., 2016; Gullà et al., 2018). Thus, long-term datasets often 
combine information from various sources and monitoring methods 
(Palis et al., 2017; Gullà et al., 2018; Carlà et al., 2019; Wasowski and 
Pisano, 2020; Xu et al., 2020), thus, they are rarely utilised for precip-
itation thresholds (Segoni et al., 2018). 
Data on landslides can also be obtained from the reconstruction of 
past slope activity. However, methods applied for older landslide ac-
tivity, such as isotope dating, achieve only the approximate age of the 
most severe events (e.g., Szczygieł et al., 2019), which is not precise 
enough to establish precipitation thresholds. In reconstructions of recent 
landslide activity from archival aerial or satellite imagery (Fiorucci 
et al., 2011), older images are often available at irregular monthly or 
annual intervals (e.g., Saito et al., 2017). Moreover, temporal estima-
tions are only possible for strong landslide events that can cause sig-
nificant topography changes (Weidner et al., 2019). Modern InSAR 
techniques are more precise and sensitive, but they rarely generate data 
for more than the past 10–20 years (Colesanti and Wasowski, 2006; 
Wasowski and Pisano, 2020; Eker and Aydin, 2021). Thus, the above- 
mentioned reconstructions of landslide activity, even though applied 
in studies on meteorological causes of landslides (e.g., Fiorucci et al., 
2011; Saito et al., 2017), are rarely involved in determining precipita-
tion thresholds (e.g., Xu et al., 2020) owing to the poor precision of 
dating and limited length of datasets. 
Past landslide activity can also be reconstructed using dendrochro-
nology which provides annual precision of dating and datasets ranging 
from several decades to centuries (Corominas and Moya, 1999; Malik 
and Wistuba, 2012; Lopez Saez et al., 2013a, 2013b; Migoń et al., 2014; 
Malik et al., 2016). Tree-ring dating of landslide activity is commonly 
based on the fact that the stems of trees growing on active landslides are 
tilted by ground movement (Shroder Jr., 1978; Braam et al., 1987) 
(Fig. 1). In coniferous trees, tilting accelerates radial growth and cell 
differentiation on the lower side of the stems. Tilting from the upright 
orientation by even 1–2◦ (Wiedenhoeft, 2013) is sufficient for immedi-
ate development (Timell, 1986) of detectable and datable disturbances 
of wood anatomy, such as eccentric tree rings (Braam et al., 1987) and 
compression wood (Ruelle, 2014) (Fig. 1). Both features are considered 
particularly sensitive indicators of landslide activity, recording even 
minor, low-velocity displacements (Braam et al., 1987; Šilhán et al., 
2012; Malik et al., 2016). They can also provide valuable information on 
causes of landslides (Corominas and Moya, 1999; Carrara and O'Neill, 
2003; Šilhán et al., 2012; Wistuba, 2014; Wistuba et al., 2015, 2018, 
2021; Owczarek et al., 2020) and have the potential for practical ap-
plications in landslide hazard analyses (Lopez Saez et al., 2013b; 
Łuszczyńska et al., 2019; Wistuba et al., 2019). 
Moreover, dendrochronology can be a valuable source of data for 
precipitation thresholds of landslide activity. Using tree rings as a proxy 
can help to overcome the limitations of thresholds established from 
datasets covering short periods, combining data from more than one 
landslide slope, and including only the most severe events of landslide 
activity. The complex relationships between precipitation and 
Fig. 1. Norway spruces tilted upslope on an active landslide; a stem cross-section with upslope tree-ring eccentricity (wider rings and longer total radius (r) on the 
upslope side of a stem) and compression wood (dark coloured rings); detailed comparison of wood anatomy of Norway spruce (Picea abies): normal latewood and 
compression wood (thicker and more rounded cell walls with smaller cell lumens). 
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landslides, explored through thresholds, can best be understood from 
long-term analyses of meteorological conditions related to all possible 
levels of landslide activity that change over decades between stability 
and abrupt accelerations. Thus, precipitation thresholds can be more 
reliable and better applied in hazard studies by using homogeneous, 
continuous, and long-term datasets on landslide activity that are ob-
tained via dendrochronology for individual landslide slopes. 
Dendrochronology has already been applied to establish meteoro-
logical thresholds for geomorphological processes, such as soil erosion 
(e.g., Malik et al., 2021) and debris flows (e.g. Pelfini and Santilli, 2008). 
However, despite the potential of dendrochronology and numerous 
dendrochronological studies on landslides, to the best of our knowledge, 
very few studies have attempted to establish precipitation thresholds for 
landslide activity from tree rings. For example, Lopez Saez et al. (2013b) 
modelled the probability of landslide reactivation in relation to seasonal 
precipitation totals, while Corominas and Moya (1999) and Keck et al. 
(2014) made preliminary attempts to establish thresholds for landslides 
from tree-ring data. Thus, in this study, we aimed to explore the long- 
term relationships between continuous changes in landslide activity 
and their potential meteorological causes, as demonstrated by multiple 
precipitation parameters. Based on a dendrochronological reconstruc-
tion covering almost 50 years, we aimed to determine the precipitation 
types crucial for a selected, otherwise unmonitored, landslide in the 
Western Carpathians, Poland. Furthermore, we aimed to test the po-
tential of the dendrochronological analysis results to establish precipi-
tation thresholds for landslide activity. 
Although the annual resolution of dendrochronology is higher than 
those in other reconstruction methods, it yields only the calendar year of 
a landslide event (Corominas and Moya, 1999), with few examples of 
higher seasonal accuracy of dating (e.g., Malik and Owczarek, 2009; 
Lopez Saez et al., 2012). The lack of precise dating of landslide events 
hinders in precisely identifying the triggering factors necessary to 
establish precipitation thresholds. Thus, utilising the results of the 
dendrochronological reconstruction as aimed in this study requires 
methods other than usually applied in determining thresholds of land-
slide activity. Therefore, our methodological approach is based on pre-
vious studies by Papciak et al. (2015) and Wistuba et al. (2018, 2021), 
who showed that in analyses of landslide causes, the effects of uncer-
tainty of dendrochronological dating can be reduced through extensive 
statistical analysis of various precipitation types and parameters. 
2. Materials and methods 
2.1. The study landslide 
The Karpenciny landslide is located in the Central Western 
Fig. 2. Location of the Karpenciny landslide and the Białka Tatrzańska meteorological station in the Western Carpathians, Southern Poland. Topography and slope 
profile of the study landslide with the location of trees sampled for dendrochronological analysis (LiDAR data for digital terrain models obtained from the Central 
Agency of Geodetic and Cartographic Documentation CODGiK, Poland; and bedrock structure data from Piotrowska et al., 2017). 
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Carpathian Mountains, Southern Poland (49.32◦ N, 20.11◦ E) (Fig. 2), in 
a low mountainous region (less than 1200 m a.s.l., relief up to 550 m) 
where the slopes are usually less than 35◦ and 2 km (Długosz, 2011). The 
bedrock of the Eocene-Oligocene deposits of the flysch Podhale Basin 
(Fig. 2) often have bedding parallel to hillslopes, increasing their 
vulnerability to translational landslide movements which are enhanced 
by the thick shale layers acting as potential shear zones (Marciniec et al., 
2019). 
The studied landslide is typical of these geological settings. It is a vast 
(area: 37.4 ha, maximum length: 659.5 m, maximum width: 689.0 m) 
and deep (approximately 40 m), structural, translational rock-debris 
slide with poor fragmentation of landslide masses (Fig. 2). The land-
slide consists of large, almost intact landslide blocks divided by deep and 
long trenches (Fig. 2). The average slope of the landslide surface is 13.2◦, 
and its relative height is 154.1 m (909.4–1063.5 m a.s.l.). In the 
Köppen–Geiger classification system, the study area has a humid con-
tinental climate of the warm summer subtype. The annual precipitation 
at Bukowina Tatrzańska gauge adjacent to the Karpenciny landslide 
(Fig. 2) ranges from 619.7 to 1362.6 mm, with an average total of 899.4 
mm (1971–2019). Most of the precipitation occurs during the summer 
seasons, and the maximum daily precipitation is related to June–July 
cyclones with up to 100 mm of rainfall (11% of annual total) per 24 h. 
The mean monthly precipitation sums of the two months with the 
highest rainfall are 130 mm in June and 149 mm in July. In general, 55% 
of the annual precipitation occurs from May to August. Precipitation 
patterns are considerably consistent over the study area: mutual corre-
lations between daily precipitation records (24-h precipitation totals 
during the entire observation periods) commonly exceed 0.8, for 
example, it was 0.86 for the Bukowina Tatrzańska and Zakopane station 
(11 km south-west from Bukowina Tatrzańska) (Wistuba et al., 2021). 
High correlation levels between the precipitation records of particular 
stations indicate substantially homogeneous precipitation over the study 
area. The average annual temperature in the area is 4–6 ◦C, and the snow 
cover lasts for 125–175 days annually (Cebulak, 1998). 
2.2. Dendrochronological reconstruction of landslide activity 
Dendrochronological reconstruction of the activity of the Karpenciny 
landslide was based on samples collected in late 2018 from 35 Norway 
spruce trees (Picea abies) (Fig. 2). We sampled all mature spruce trees 
which grew on the low-inclined, top surfaces of landslide blocks and 
were visually assessed as healthy and uninjured. Moreover, ten spruce 
trees were sampled on a reference slope (Fig. 2: 12 km west from the 
Karpenciny landslide, 49.32◦ N, 19.94◦ E), which does not show any 
landslide symptoms in its relief but presents similar inclination, aspect, 
altitude, and bedrock as the landslide under study. We used Pressler 
borers to collect samples, that is, increment cores from tree stems, and 
collected two cores from each tree: one from the upslope side and one 
Fig. 3. Dating landslide activity from ring eccentricity in a single tree sampled on the Karpenciny landslide. Tree-ring widths are recalculated to obtain an ec-
centricity index and its yearly variation using the calculation by Wistuba et al. (2013): U – width of a tree ring in the upslope part of the stem [mm]; D – width of a 
tree ring in the downslope part of the stem [mm]; E – eccentricity of a tree ring [mm]; Ei – eccentricity index of a tree ring [%]; vEi – yearly variation of eccentricity 
index [%]; and x – year (annual tree ring). 
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from the downslope side of the stem, both at breast height. The cores 
were mounted on wooden laths and sanded to reveal the wood structure. 
The skeleton plot technique (Cropper, 1979) was used to cross-date 
between upslope and downslope samples of every tree to detect 
wedging rings and ensure correct dating results. 
The wood anatomy in each single tree ring of each sample was 
analysed to identify compression wood, that is wood with intracellular 
spaces, thicker and more rounded cell walls, and smaller cell lumens 
(Ruelle, 2014) (Fig. 1). We used the criteria of Yumoto et al. (1983) to 
identify the compression wood, but avoided its gradation. However, we 
dated the oldest ring in each set of compression wood to determine the 
most probable time for landslides which disturbed stem stability. 
To analyse eccentric tree rings (wider on one side of the tree stem: 
Fig. 1), we measured the widths of all rings in the samples from the 
landslide and reference slope (LinTAB measuring system, 0.01 mm ac-
curacy). We recalculated the tree-ring widths on the upslope and 
downslope sides of each stem to obtain the eccentricity index and its 
annual variation (Malik and Wistuba, 2012; Wistuba et al., 2013) 
(Fig. 3). Annual variation is calculated to eliminate the effect of 
compensation which may occur in years following stem tilting (Wistuba 
et al., 2015). In this study, values of yearly variation obtained for all 
rings in ten reference trees were used to establish reference thresholds 
for dating landslide activity from the eccentricity record following the 
method by Malik and Wistuba (2012) and Wistuba et al. (2013). 
Reference thresholds were calculated as the sum of the average and 
standard deviation, separately for sets of all positive (as a threshold for 
upslope eccentricity: +46.03%) and negative (as a threshold for down-
slope eccentricity: − 53.46%) variation values in reference trees. In the 
landslide slope samples, only the years in which variation values 
exceeded reference thresholds were considered as events of landslide 
activity (Fig. 3) (Wistuba et al., 2013). 
Then, we calculated the total number of trees annually disturbed by 
the landslide activity. If both eccentricity and reaction wood were dated 
in the same tree ring, we recognised them as one event, and not two 
separate events in a year. We also calculated the response index as the 
percentage of trees disturbed by landslide activity each year in pro-
portion to the sample depth value (the total number of sampled trees 
growing in the same year) (Shroder Jr., 1978) (Fig. 4). We considered 
the response index as a proxy for the level of activity of the Karpenciny 
landslide. We also determined specific events of increased landslide 
activity at Karpenciny as years when the response index values increased 
(compared to a previous year) and exceeded the average value of the 
response index for the period under analysis. This way, we refer to the 
aim of this study and emphasise years when landslide activity has begun, 
that is, years when the landslide was reactivated after periods of relative 
stability. 
2.3. Determining meteorological causes of landslide activity from 
dendrochronological data 
According to Poprawa and Rączkowski (2003), Rączkowski (2014), 
and Wistuba et al. (2018), landslide activity in the study area could have 
been caused by earthquakes and precipitation. However, Wistuba et al. 
(2021) suggests that compared to the significant impact of precipitation, 
seismic activity plays a minor role in the specific case of the Karpenciny 
landslide. Therefore, in this study, we compared the dendrochronolog-
ical record of landslide activity at Karpenciny with precipitation at the 
closest gauging station in Bukowina Tatrzańska (Fig. 2: 2.4 km north- 
west from the landslide, 49.34◦ N, 20.10◦ E, elevation 904 m a.s.l.). 
Daily precipitation totals at the station are available from 01.01.1971 
(Institute of Meteorology and Water Management, Poland). Thus, a 
detailed analysis of meteorological causes for the Karpenciny landslide 
covered 48 years, from 1971 to 2018, when the trees were sampled. 
During this period, the sample depth in the analysed population of trees 
Fig. 4. Activity of the Karpenciny landslide reconstructed from tree rings. The number of trees with eccentricity and compression wood were compared to the sample 
depth and recalculated into response index values (% of disturbed trees in the sampled population). 
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was not less than 91.4% (32 of 35 trees) (Fig. 4). 
We recalculated the daily precipitation totals into precipitation pa-
rameters for individual months (previous October, i.e. October of the 
year preceding calendar year with dated landslide activity, to present 
December, i.e. December of present calendar year with dated landslide 
activity) and longer seasons or periods (6 months of summer half-year: 
present April to present September, 6 months of preceding winter 
half-year: previous October to present March, 12 months of present 
summer half-year and preceding winter half-year: previous October to 
present September, 18 months of present summer half-year and pre-
ceding winter and summer half-years, 24 months of present summer 
half-year and preceding winter, summer and winter half-years). We 
included the following parameters for each monthly and 6–24-month 
period (total 520 parameters):  
- precipitation total (mm),  
- maximum 24-h precipitation total (mm),  
- maximum and minimum 3-day, 5-day, 7-day, 10-day, 20-day, 30- 
day, 60-day, and 90-day moving totals of precipitation (mm),  
- total number of days with precipitation (days),  
- maximum period with daily precipitation (days),  
- number of events with daily precipitation lasting 6–10, 11–15, 
16–20, and > 20 days in a row (events),  
- number of days with precipitation of 30–50 and > 50 mm per 24 h 
(days). 
These listed precipitation datasets were statistically correlated with 
dendrochronological records of landslide activity. The statistical sig-
nificance of the correlations was tested for α = 0.1 and α = 0.05, to 
determine the general, long-term relationship between landslides and 
precipitation. Ten parameters showing the highest positive correlation 
levels and three basic seasonal precipitation sums (preceding winter 
half-year, present summer half-year separately, and as 12 months in 
total) were used in further analysis of factors causing landslide reac-
tivation. We searched for similarities between the temporal variability 
of these parameters and the tree-ring record of landslide activity: 
response index values and dated landslide events. In addition, we ana-
lysed events of landslide activity determined by Wistuba et al. (2021) on 
two other slopes in the study area (13 and 20 km west of Karpenciny). 
We compared the precipitation records for years when landslide events 
occurred at Karpenciny and years when events only occurred at two 
adjacent landslides. Thus, we aimed to determine whether any local site- 
specific causes occur only in the Karpenciny landslide. 
2.4. Determining rainfall thresholds of landslide activity from 
dendrochronological data 
We established rainfall thresholds for events of landslide activity at 
Karpenciny based on single precipitation parameters (assuming that the 
activity of the studied landslide can be explained with only one type of 
precipitation which is sufficient as a cause of landslide reactivation). 
Therefore, for each of the 13 selected parameters (10 best-correlated and 
three basic seasonal sums as previously mentioned), we prepared a 
scatter plot for the 48-y study period (1971–2018), with values of 
response index on the X-axis and values of specific precipitation 
parameter on the Y-axis. We divided the data presented on all plots into 
years with and without landslide events (determined as described pre-
viously). We checked for the highest levels of precipitation parameters, 
below which no landslide event was recorded at Karpenciny and for the 
lowest levels of precipitation, above which only landslide events 
occurred. We also checked for the highest levels of precipitation above 
which the number of years with events exceeded the number of years 
without events; therefore, the probability of the occurrence of a land-
slide event exceeded 0.5. We ensured that all established thresholds 
separated at least two data points from the rest of the dataset. 
We also established rainfall thresholds for events of landslide activity 
at Karpenciny based on pairs of precipitation parameters (assuming that 
the studied landslide activity can be explained by two types of precipi-
tation, both necessary for landslide events). Therefore, we prepared 
scatter plots based on the pairs of values of precipitation parameters for 
all years in the 48-y study period (1971–2018). We combined the 13 
selected parameters with each other in a matrix of 78 plots. Then, we 
divided the presented data into years with and without landslide events 
and checked all plots for the two types of threshold lines:  
- upper threshold line separating precipitation conditions which were 
always in the past (in the studied period) associated with landslide 
events, from conditions which were or were not associated with 
landslide events;  
- lower threshold line separating precipitation conditions which were 
never in the past (in the studied period) associated with landslide 
events, from conditions which were or were not associated with 
landslide events. 
The two threshold lines would divide the area of a scatter plot into 
three parts: upper, where there are only years with dated landslide 
events; lower, where there are only years without dated landslide 
events; and middle, where years with and without dated events merge. 
The thresholds were determined manually, following the same proced-
ure for all plots. All thresholds were drawn as straight lines dividing the 
above-mentioned parts of the plots (parts of datasets) in the middle 
between their outermost data points. We ensured that the thresholds 
separated as many years with and without events as possible (by upper 
and lower thresholds, respectively), but not less than two data points per 
threshold line. Threshold lines represent the assumption that an increase 
in precipitation parameters causes an increase in landslide activity. 
Thus, lines were only drawn from top left to bottom right (indicating 
that both parameters affect landslide activity), vertically and horizon-
tally (indicating that only one of the two parameters affects landslide 
activity). Priority has been given for threshold lines fitting all data 
presented on particular plots (called complete threshold lines) over 
those fitting only parts of datasets (called incomplete threshold lines). 
Then, we checked the efficiency of the thresholds provided by each 
of the 78 pairs of precipitation parameters. We checked the number of 
years with events separated by each upper threshold line and those 
without events separated by each lower threshold line, and selected ten 
best-performing pairs of precipitation parameters as those providing two 
complete thresholds (upper and lower) that separated the highest 
number of years. Furthermore, we omitted pairs of parameters (even 
those showing good efficiency in separating data points) which provide 
only one threshold (upper or lower), horizontal and vertical thresholds, 
incomplete thresholds, or two equally effective potential threshold lines. 
3. Results 
3.1. Relationship between the activity of the Karpenciny landslide and 
different types of precipitation during 1971–2018 
Positive and statistically significant correlations of precipitation 
parameters and response index values (Fig. 4) were strongly clustered in 
particular seasons and months (Table A.1). This indicates that the ac-
tivity of the Karpenciny landslide has a clear relationship with meteo-
rological causes, mostly with minimum totals of the previous October, 
maximum totals of February, and various parameters for the present 
October. Significant positive correlations were also obtained for the 
number of daily precipitation events lasting 11–15 days in June and 
previous November and for long-term maximum totals during 12–24 
months (Table A.1). Therefore, these types of precipitation were the 
most probable causes of landslide activity at Karpenciny. The ten highest 
correlation coefficients (Table 1: 0.31–0.45) were all statistically sig-
nificant for α = 0.05 (Table A.1). Moreover, the correlation levels for the 
three basic seasonal precipitation sums were lower (Table 1: 0.14–0.19) 
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and were all statistically insignificant for α = 0.05 and α = 0.1 
(Table A.1). 
Among the 13 parameters selected for further analysis, the highest 
correlation values and the highest levels of similarity between increases 
and decreases were found for: minimum 7-day total in previous October, 
number of events with daily precipitation lasting 11–15 days in June, 
the total number of days with precipitation, minimum 30-day total and 
maximum 5-day total in October, and a 12-month sum of the present 
summer half-year and preceding winter half-year in total (previous 
October to present September) (Table 1). The results reveal the highest 
dependence of landslide activity from these six precipitation parameters 
and the highest probability that an increase in these precipitation types 
will accelerate landslide activity (Table 1: >50% of increases in this 
types of precipitation during 1971–2018 is related to the simultaneous 
increase in landslide activity). However, the similarity between pre-
cipitation and landslide activity changed over time. There were periods 
of complete similarity and periods of complete divergence (Figs. 5 and 
6). This showed that even though the analysed types of precipitation 
could influence landslide activity at Karpenciny over longer periods of 
several years, none alone could completely control it during the entire 
study period. 
Fourteen landslide events were dated from 1971 to 2018 at the 
Karpenciny landslide based on the average value of the response index 
(Fig. 4). Nine of the events found by Wistuba et al. (2021) on other 
landslides in the study area were not dated at Karpenciny. Two of these 
events (1979 and 1983) were slightly marked in the data for the Kar-
penciny landslide but without the response index exceeding its average 
for 1971–2018 (Figs. 4–6). However, the similarity between the 
dendrochronological record of the activity of the Karpenciny landslide 
and other landslides in the study area was high, based on both dated 
events and entire curves of reconstructed landslide activity (Wistuba 
et al., 2021). This indicates that the dated activity of the Karpenciny 
landslide is consistent with the regional trends of landslide activity in 
the study area. 
The total number of days with precipitation and maximum 5-day 
total in October, and the 12-month sum of present summer half-year 
and preceding winter half-year in total are probably the most frequent 
causes of landslide events at Karpenciny. Increases in these parameters 
present the best direct similarity (69.2–76.9%) with dated events 
(Table 2). This percentage increased to 84.6–100% (Table 2) on 
including events that were lagging in relation to increases in: the 
maximum 5-day total, the total number of days with precipitation, and 
the number of events with daily precipitation lasting 6–10 days in 
October. Thus, simultaneous and prior increases in the three precipita-
tion parameters explain the occurrence of all or almost all landslide 
activity events at Karpenciny (Fig. 5). However, among the increases in 
precipitation that are similar to the events, there were extreme events 
that might cause landslide activity and slight changes, which may be too 
weak to cause reactivations. Their coincidence with landslide events was 
considered to be random (Fig. 5, Tables B.1 and B.2). 
Only 20–40% of events absent at Karpenciny but reported by Wis-
tuba et al. (2021) on adjacent slopes precisely corresponded with in-
creases in single precipitation parameters under analysis (Table 3). This 
suggests significant differences in the reactivation causes between Kar-
penciny and other landslides in the study area. Even including the lag-
ged impact of precipitation on landslide activity (Table 3) does not 
increase the percentage of similar events for the following three pre-
cipitation parameters: the number of events with daily precipitation 
lasting 11–15 days in June (one matching event), minimum 7-day total 
in previous October (two matching events, including one nominal: 
Table B.3), and maximum 60-day total during 24 months of the present 
summer half-year and preceding winter, summer, and winter half-years 
(three matching events) (Table 3). Therefore, the three above- 
mentioned parameters are probably local, site-specific, and unique to 
Karpenciny. Increases in these parameters occurred for all landslide 
events dated at Karpenciny, except one (Table B.1). The remaining ten 
parameters represented regional causative factors that exert a more 
widespread impact on the slopes of the study area. 
3.2. Rainfall thresholds for Karpenciny landslide established from single 
precipitation parameters 
All types of precipitation selected for the analysis (the 10 best- 
correlated and three basic seasonal sums) showed a clear positive rela-
tionship with landslide activity. 
We established the lowest levels of past precipitation for three of the 
13 studied parameters that were always related to landslide events at 
Karpenciny (Figs. 7 and 8). They constituted simple threshold levels of 
high precipitation, which, in the past, certainly caused landslide events, 
if reached and exceeded. However, their efficiency was limited to two 
years, with events separated from the rest of the datasets. Thus, their 
reliability was small and lower than the more efficient thresholds 
established as the highest levels of precipitation that have never been 
related to landslide events at Karpenciny (Figs. 7 and 8). These lower 
thresholds were established for the five studied parameters and they 
Table 1 
Comparison between the thirteen selected precipitation parameters and tree- 
ring record of landslide activity at Karpenciny (response index values): corre-
lation coefficients, similarity (% of 1971–2018 period with identical and 
simultaneous changes, increases and decreases, in landslide activity and pre-
cipitation) and simultaneous increases of precipitation and landslide activity (% 
of all increases of precipitation level).  
Precipitation parameters: 
the 10 best-correlated with 
landslide (Table A.1) and 




[% of time] 
Simultaneous 
increases [% of all 
increases] 
Minimum 7-day total in 
previous October* 
0.45 30.43 54.55 
Number of events with 
daily precipitation lasting 
11–15 days in June* 
0.40 27.66 75.00 
Total number of days with 
precipitation in October* 
0.39 68.09 66.67 
Minimum 30-day total in 
October* 
0.39 63.83 61.11 
Maximum 24-h total in 
February* 
0.35 44.68 37.50 
Maximum 60-day total 
during 24 months of 
present summer half-year 
and preceding winter, 
summer and winter half- 
years* 
0.34 31.91 50.00 
Maximum 5-day total in 
October* 
0.33 61.70 54.17 
Minimum 10-day total in 
previous October* 
0.32 41.30 45.00 
Minimum 20-day total in 
previous October* 
0.31 47.83 36.84 
Number of events with 
daily precipitation lasting 
6–10 days in October* 
0.31 40.43 50.00 
Sum for 6 months of 
preceding winter half- 
year (previous October to 
present March)** 
0.14 46.81 40.00 
Sum for 6 months of present 
summer half-year 
(present April to present 
September)** 
0.15 53.19 45.45 
Sum for 12 months of 
present summer half-year 
and preceding winter 
half-year in total 
(previous October to 
present September)** 
0.19 63.04 56.52  
* The ten precipitation parameters best-correlated with landslide activity. 
** Three seasonal sums. 
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2–11 data points from the rest of the datasets. They comprised simple 
threshold levels of precipitation which were too low to ever cause 
landslide events. Therefore, these thresholds defined the upper bound-
ary of landslide-safe conditions, such as a threshold of ≤9 days of pre-
cipitation occurring in total in October (based on 11 data points) and a 
≤ 13.9 mm threshold for a minimum 30-day precipitation total in 
October (based on nine data points). 
The precipitation levels were determined for 12 out of 13 precipi-
tation parameters, above which the probability of a landslide event 
occurring at Karpenciny exceeds 0.5, based on up to 11 data points 
(Figs. 7 and 8). Exceeding these levels increases the probability of the 
occurrence of a landslide event over the probability of the absence of a 
landslide event, and the best-performing among those thresholds are:  
- a threshold of 974.2 mm 12-month precipitation sum for present 
summer half-year and preceding winter half-year in total (which 
separated 11 data points),  
- a threshold of 11–15 consecutive days with precipitation in June (10 
data points; threshold based on simple zero-one occurrence or 
absence of a specific meteorological situation),  
- a threshold of 774.1 mm for precipitation sum in 6 months of present 
summer half-year (nine data points),  
- a threshold of 12.6 mm for a maximum 24-h total in February (nine 
data points). 
3.3. Rainfall thresholds for Karpenciny landslide established from pairs of 
precipitation parameters 
Among the 78 different pairs of precipitation parameters (scatter 
plots: Fig. C.1), 21 (Table D.1) pairs could be used to determine two 
complete precipitation thresholds (upper and lower) for the activity of 
the Karpenciny landslide, none of which was horizontal or vertical (thus 
suggesting that one of the precipitation parameters in the examined pair 
was suppressed by the other parameter and probably had no influence 
on the landslide activity), or ambiguous (with a potential for two equally 
efficient lines for one threshold) (Fig. C.1). The efficiency of thresholds 
established for these 21 pairs of precipitation parameters varied from 5 
to 17 data points separated together by upper and lower thresholds, 
including 2–5 separated by the upper and 2–14 by the lower threshold 
lines (Table D.1). The disproportion between the efficiency of upper and 
lower thresholds indicates generally higher reliability of lower thresh-
olds, which defines the upper boundary of precipitation conditions that 
were landslide-safe in the past. The reliability of upper thresholds 
constituting the lower boundary of precipitation conditions that always 
caused landslide events at Karpenciny was generally lower. 
The ten best-performing pairs of precipitation parameters are shown 
in Fig. 9 and Table D.1, which included:  
- seven pairs with the highest efficiency of both thresholds (14–17 
separated data points), and at the same time the highest efficiency of 
lower threshold (11–14 separated data points) (Plots 14, 24–26, 33, 
35, and 43), 
Fig. 5. Landslide activity (response index and dated events) for the Karpenciny site during 1971–2018 compared to the precipitation record (the ten best-correlated 
parameters according to Table A.1) (for legend see Fig. 6): n7 pX – minimum 7-day total in previous October [mm], 11–15 VI – number of events with daily 
precipitation lasting 11–15 days in June, tn X – total number of days with precipitation in October, n30 X – minimum 30-day total in October [mm], x24 II – 
maximum 24-h total in February [mm], x60 24 M – maximum 60-day total during 24 months of the present summer half-year and preceding winter, summer, and 
winter half-years [mm], x5 X – maximum 5-day total in October [mm], n10 pX – minimum 10-day total for previous October [mm], n20 pX – minimum 20-day total 
for previous October [mm], and 6–10 X – number of events with daily precipitation lasting 6–10 days in October. 
Fig. 6. Landslide activity (response index and dated events) for the Karpenciny site during 1971–2018 compared to the precipitation record (three seasonal sums): t 
6 W – sum for 6 months of preceding winter half-year (previous October to present March) [mm], t 6S – sum for 6 months of present summer half-year (present April 
to present September) [mm], and t 12 M – 12-month sum of present summer half-year and preceding winter half-year in total (previous October to present 
September) [mm]. 
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- three with the highest efficiency of upper thresholds (4–5 separated 
data points) (Plots 15, 22, and 47). 
Eight out of the thirteen precipitation parameters analysed in detail 
constituted all pairs of parameters that provided the ten best-performing 
thresholds (Fig. 9: six among the best-correlated parameters, two among 
the basic seasonal sums). The total number of days with precipitation in 
October and maximum 24-h precipitation total in February were the 
most frequent among the best-performing thresholds (each parameter 
appears on four plots in Fig. 9). The former precipitation type was 
involved in the four most efficient pairs of parameters with 13–14 data 
points separated by lower thresholds and 15–17 by both thresholds in 
total (Table D.1). 
Three precipitation parameters constituting the best-performing 
thresholds were involved in only one pair of parameters (scatter plots 
in Fig. 9). These parameters included two seasonal sums, which in-
dicates that their potential for establishing thresholds of landslide ac-
tivity at Karpenciny was significantly lower than the potential of best- 
correlated parameters. 
The established threshold lines had diverse gradients (Fig. 9). The 
more horizontal or vertical these lines are, the more unbalanced the 
impact of the two involved precipitation parameters on landslide ac-
tivity, that is, the more the dominating parameter suppressed the impact 
of the other. The upper and lower threshold lines established from one 
pair of precipitation parameters could also have diverse inclinations 
towards each other (Fig. 9). The more parallel they are, the more 
coherent the influence of the involved precipitation parameters on the 
Karpenciny landslide activity. The most coherent thresholds were 
determined from the minimum 30-day total in October paired with the 
total number of days with precipitation in October, as well as with a 
maximum 60-day total during 24 months of the present summer half- 
year and preceding winter, summer, and winter half-years (Fig. 9: 
Plots 24 and 35). The first of the above-mentioned pairs also presents a 
particularly balanced impact on landslide activity (Fig. 9: Plot 24). 
4. Discussion 
4.1. Precipitation controlling the activity of Karpenciny landslide over the 
past 60 years 
Dendrochronological interpretation of the relationship between 
precipitation and any landslide activity can be aided by the knowledge 
of the duration of the growing and dormant seasons in a particular area. 
The growing season of Norway spruce on the upper timberline 9 km 
south-west of Karpenciny lasts from mid-May to the end of September 
(Kaczka et al., 2017). The Karpenciny landslide is located 400–600 m 
below the above-mentioned upper timberline of the study area. Thus, 
Table 2 
Similarity between increases in thirteen selected precipitation parameters and 
landslide events dated from tree rings at Karpenciny (based on Figs. 5 and 6, 
Tables B.1 and B.2).  
Precipitation parameters: the 10 best- 
correlated with landslide (Table A.1) and 
three seasonal sums 
Number of landslide activity events 
corresponding to increases of 






Minimum 7-day total in previous October* 4 (30.8) -3 4 (30.8) 
Number of events with daily precipitation 
lasting 11–15 days in June* 
6 (46.2) 2 (15.4) 8 (61.2) 
Total number of days with precipitation in 
October* 
9 (69.2) 3 (23.1) 12 
(92.3) 
Minimum 30-day total in October* 7 (53.8) 3 (23.1) 10 
(76.9) 
Maximum 24-h total in February* 7 (53.8) 3 (23.1) 10 
(76.9) 
Maximum 60-day total during 24 months of 
present summer half-year and preceding 
winter, summer and winter half-years* 
5 (38.5) -3 5 (38.5) 
Maximum 5-day total in October* 9 (69.2) 4 (30.8) 13 
(100.0) 
Minimum 10-day total in previous October* 6 (46.2) -3 6 (46.2) 
Minimum 20-day total in previous October* 5 (38.5) -3 5 (38.5) 
Number of events with daily precipitation 
lasting 6–10 days in October* 
5 (38.5) 6 (46.2) 11 
(84.6) 
Sum for 6 months of preceding winter half- 
year (previous October to present March)** 
7 (53.8) -3 7 (53.8) 
Sum for 6 months of present summer half- 
year (present April to present September)** 
6 (46.2) 4 (30.8) 10 
(76.9) 
Sum for 12 months of present summer half- 
year and preceding winter half-year in total 
(previous October to present September)** 
10 (76.9) -3 10 
(76.9)  
* The ten precipitation parameters best-correlated with landslide activity. 
** Three seasonal sums. 
1 13 events were considered instead of all 14 dated events, as it was not 
possible to determine whether precipitation levels for the event in 1971 
increased or decreased in relation to the previous year 1970 because precipi-
tation in Bukowina Tatrzańska was measured only since 01.01.1971. 
2 Landslide activity events corresponding to increases in precipitation which 
occurred one year before or earlier than a year before, if the same increased level 
of precipitation lasted until the event. 
3 Lagged reaction of Karpenciny landslide to the increase in this parameter 
was not analysed as the parameter itself was already based on data from the 
previous year. 
Table 3 
Similarity between increases in thirteen selected precipitation parameters and 
landslide events found in the study area (according to Wistuba et al., 2021), but 
absent at Karpenciny (based on Figs. 5 and 6, Tables B.3 and B.4).  
Precipitation parameters: the 10 best- 
correlated with landslide (Table A.1) and three 
seasonal sums 
Events of landslide activity 
matching increases of 







Minimum 7-day total in previous October* 2 (22.2) -2 2 
(22.2) 
Number of events with daily precipitation 
lasting 11–15 days in June* 
0 (0.0) 1 (11.1) 1 
(11.1) 
Total number of days with precipitation in 
October* 
3 (33.3) 5 (55.6) 8 
(88.9) 
Minimum 30-day total in October* 3 (33.3) 3 (33.3) 6 
(66.7) 
Maximum 24-h total in February* 4 (44.4) 4 (44.4) 8 
(88.9) 
Maximum 60-day total during 24 months of 
present summer half-year and preceding 
winter, summer and winter half-years* 
3 (33.3) -2 3 
(33.3) 
Maximum 5-day total in October* 3 (33.3) 4 (44.4) 7 
(77.8) 
Minimum 10-day total in previous October* 5 (55.6) -2 5 
(55.6) 
Minimum 20-day total in previous October* 4 (44.4) -2 4 
(44.4) 
Number of events with daily precipitation 
lasting 6–10 days in October* 
3 (33.3) 5 (55.6) 8 
(88.9) 
Sum for 6 months of preceding winter half-year 
(previous October to present March)** 
7 (77.8) -2 7 
(77.8) 
Sum for 6 months of present summer half-year 
(present April to present September)** 
4 (44.4) 4 (44.4) 8 
(88.9) 
Sum for 12 months of present summer half- 
year and preceding winter half-year in total 
(previous October to present September)** 
4 (44.4) -2 4 
(44.4)  
* The ten precipitation parameters best-correlated with landslide activity. 
** Three seasonal sums. 
1 Landslide activity events corresponding to increases in precipitation which 
occurred one year before or earlier than a year before, if the same increased level 
of precipitation lasted until the event. 
2 Lagged reaction of landslides to the increase in this parameter was not 
analysed as the parameter itself was already based on data from the previous 
year. 
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Fig. 7. Precipitation thresholds established as a representation of the relation between the activity of Karpenciny landslide (response index – % of disturbed trees in 
the sampled population) and individual precipitation parameters in this study (i.e. ten best-correlated parameters according to Table A.1) for each year during 
1971–2018 presented on XY charts: n7 pX – minimum 7-day total in the previous October [mm], 11–15 VI – number of events with daily precipitation lasting 11–15 
days in June, tn X – total number of days with precipitation in October, n30 X – minimum 30-day total in October [mm], x24 II – maximum 24-hour total in February 
[mm], x60 24 M – maximum 60-day total during 24 months of present summer half-year and preceding winter, summer and winter half-years [mm], x5 X – maximum 
5-day total in October [mm], n10 pX – minimum 10-day total in previous October [mm], n20 pX – minimum 20-day total in previous October [mm], and 6–10 X – 
number of events with daily precipitation lasting 6–10 days in October. 
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the growing season for Norway spruces sampled in this study was 
assumed to last from April to October (Fig. 10). Moreover, recent 
research by Cabon et al. (2020) demonstrated that cambium activity and 
wood formation in coniferous trees in mountain habitats can last up to 
late autumn. Thus, each annual ring in samples from Karpenciny 
potentially records landslides from the preceding November to present 
October, that is, during the present growing season and preceding 
dormant season. Another important issue is the potential seasonality of 
landslide accelerations, which generally occur during summer in Polish 
Western Carpathians (Rączkowski, 2007). However, landslides in the 
study area (Central Western Carpathians) do not fit into this pattern 
(Rączkowski, 2014). There are inclinometer records of their accelera-
tions in November–March (Państwowy Instytut Geologiczny, 2016), 
despite the domination of snowfall over rainfall in late autumn and 
winter and the lag between snowfall and actual delivery of melted water 
to the soil. 
Thus, our results indicate that meteorological conditions, which 
generally favoured landslide activity at Karpenciny (Fig. 10) included 
long periods of preparatory precipitation, extending even before the 
preceding summer half-year, but certainly including directly preceding 
winter half-years (Fig. 10). This corresponds with existing knowledge on 
the dependence of landslide activity from long-term precipitation con-
ditions of several months, seasons, or even years (Prokešová et al., 2012; 
Pennington et al., 2014). The results for Karpenciny are also consistent 
with the findings of Szabó (2003) on October precipitation, which 
significantly added to persistently high levels of groundwater in land-
slides in the Hungarian Carpathians, as well as with the findings of 
Arghiuş et al. (2011) from Romanian Carpathians, where landslide ac-
tivity depends on snowmelt. The impact of autumn precipitation and 
spring thaw on the Karpenciny landslide is supported by the low 
evapotranspiration of these cool seasons (Błażejczyk, 2019), which fa-
cilitates a more efficient infiltration of water compared to summer 
seasons. 
Spring thaw can also act as a direct cause of landslide activity (e.g. 
Chleborad, 1997; Cardinali et al., 2000), including the activity of the 
Karpenciny landslide (Fig. 10). Other direct causes can include the 
summer precipitation in June (Fig. 10), corresponding with the general 
information of landslide activity in the Polish Carpathians (e.g. Rącz-
kowski, 2007; Gorczyca, 2010; Gorczyca et al., 2013). Landslide activity 
at Karpenciny can also be caused in late autumn by precipitation in 
October, similar to the landslides described by Jaedicke and Kleven 
(2008) and Brunetti et al. (2010). 
Particular landslide events dated at Karpenciny might be related to 
more than one potential direct trigger (Fig. 10). This suggests that 
landslide activity at Karpenciny can be initiated by one of the deter-
mined causes (e.g. spring thaw or summer precipitation), continue in the 
following months, and be enhanced by other factors (e.g. summer and 
autumn precipitation). Similarly, Fiorucci et al. (2011) revealed that 
high landslide activity lasting from 2004 to 2005 in Italy was caused by 
consecutive diverse meteorological impulses, that is, rainfall events and 
rainy periods during September–June. 
4.2. Specific meteorological causes of landslide activity at Karpenciny and 
their potential in determining precipitation thresholds 
The results obtained for the Karpenciny landslide indicate that the 
precipitation parameters that are the best correlated and most similar to 
the dendrochronological record of landslide activity exhibit higher po-
tential in establishing precipitation thresholds (Figs. 7–9), than the three 
seasonal sums, which have significantly lower correlations with land-
slide activity. The precipitation parameters that provide the best rep-
resentation of local, site-specific causes of the studied landslide activity 
include daily precipitation lasting 11–15 days in June, minimum 7-day 
total in previous October, and maximum 60-day total during the 24- 
month preparatory period (Table 3). These parameters can be efficient 
in predicting landslide activity at Karpenciny as they correspond to all 
but one dated landslide event. Their absence clarifies why, even in wet 
conditions, when other landslides in the study area are active, the Kar-
penciny landslide remains inactive (e.g. 1995) or reactivates only 
slightly (e.g. 1983) (Figs. 5 and 6). 
The results also show that minimum precipitation totals are often 
more important for the studied landslide than absolute or maximum 
totals. This is unexpected because numerous previous studies on pre-
cipitation thresholds attribute the causes of landslides to heavy precip-
itation events with extremely high intensities and totals (Govi and 
Sorzana, 1980; Zêzere, 2000; Garcia-Urquia, 2016; Yang et al., 2020). 
However, at Karpenciny favourable conditions for landslide acceleration 
can rather be ensured by precipitation not falling below a critical min-
imum level that is required to sustain the state of slope imbalance. A 
particular minimum amount of precipitation is required (and is suffi-
cient) to cause the activity of the Karpenciny landslide. After this min-
imum amount of precipitation is exceeded, the final total precipitation 
becomes less important. 
Our results also demonstrate that among the precipitation 
Fig. 8. Precipitation thresholds established as a representation of the relation between the activity of Karpenciny landslide (response index – % of disturbed trees in 
the sampled population) and individual precipitation parameters under study (i.e. three basic seasonal sums of precipitation) in each year during 1971–2018 
presented on XY charts (for legend see Fig. 7): t 6 W – sum for 6 months of preceding winter half-year (previous October to present March) [mm], t 6S – sum for 6 
months of present summer half-year (present April to present September) [mm], and t 12 M – sum for 12 months of present summer half-year and preceding winter 
half-year in total (previous October to present September) [mm]. 
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Fig. 9. Best-performing precipitation thresholds established as a representation of the relation between the activity of Karpenciny landslide (response index – % of 
disturbed trees in the sampled population) and pairs of precipitation parameters in each year during 1971–2018 presented on XY charts (selected from all examined 
pairs of parameters: Fig. C.1 and Table D.1): 11–15 VI – number of events with daily precipitation lasting 11–15 days in June, tn X – total number of days with 
precipitation in October, n30 X – minimum 30-day total in October [mm], x24 II – maximum 24-h total in February [mm], x60 24 M – maximum 60-day total during 
24 months of present summer half-year and preceding winter, summer and winter half-years [mm], 6–10 X – number of events with daily precipitation lasting 6–10 
days in October, t 6 W – sum for 6 months of preceding winter half-year (previous October to present March) [mm], and t 6S – sum for 6 months of present summer 
half-year (present April to present September) [mm]. 
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parameters crucial for the studied landslide, there are those based on the 
number of days with precipitation and the length of periods with daily 
precipitation (Tables A.1 and 1). This suggests that at Karpenciny, 
frequent and long-lasting precipitation can effectively cause landslide 
activity irrespective of the total of this precipitation. Such regularities 
are rarely reflected in previously reported rainfall thresholds. Although 
some of them include the potential importance of the length of rainfall, 
they are mostly focused on the duration and intensity (e.g. Zêzere, 2000; 
Hong et al., 2005) during hours and days directly before landslide events 
(Guzzetti et al., 2007; Segoni et al., 2018; Yang et al., 2020). Limited 
attention has been paid to antecedent precipitation over periods longer 
than a few weeks (e.g. Crozier, 1986; Glade, 2000; Segoni et al., 2014a, 
2014b), with very few examples of thresholds including seasonal totals, 
such as rainfall totals for nine months of wet seasons analysed by 
Garland and Olivier (1993). 
The critical minimum totals, seasonal antecedent precipitation, and 
generally wet conditions (demonstrated here as a high total number of 
days with precipitation) were proven to be essential for landslide ac-
tivity at Karpenciny. However, they are not reflected by meteorological 
parameters usually included in precipitation thresholds, such as dura-
tion and intensity, precipitation sums (Govi and Sorzana, 1980; Bell and 
Maud, 2000; Zêzere, 2000) and averages (Caine, 1980; Brunetti et al., 
2010), cumulated precipitation (Caine, 1980; Corominas and Moya, 
1999; Bell and Maud, 2000), and normalised precipitation (Aleotti, 
2004; Martelloni et al., 2012). Our results suggest that nonstandard 
parameters of precipitation, such as the above-mentioned parameters 
determined for Karpenciny, could be included in determining thresholds 
of landslide activity with methods other than dendrochronology, which 
might improve the efficiency of those thresholds. 
Preparatory antecedent precipitation, occurring with a large advance 
before a landslide event (as demonstrated for Karpenciny), has a 
particularly high potential for practical applications in hazard analyses. 
Thresholds based on a combination of direct triggers (at Karpenciny, e.g. 
events with daily precipitation lasting 11–15 days in June and param-
eters of present October: Table 1) and antecedent precipitation of pre-
ceding 6–24 months (at Karpenciny, e.g. maximum 24-h total in 
February, minimum totals in previous October, and maximum 60-day 
total during 24 months) (Fig. 9) should be useful in early warning 
against landslide acceleration. The antecedent preparatory precipitation 
can be monitored in advance and used as an early sign of potential 
landslide reactivation. An exceeded critical level of antecedent precip-
itation would indicate that any further meteorological monitoring 
should focus on the possible occurrence of a certain direct trigger 
included in the threshold. 
Although the dendrochronological approach can derive new data on 
landslide activity, it is affected by the annual resolution of tree-ring 
records. The latter results in uncertainty regarding specific dates of 
events and consequent differences between meteorological parameters 
usually applied in the analysed thresholds and parameters which were 
applied in this dendrochronological study. These differences prevent 
direct comparisons of thresholds obtained for Karpenciny (Figs. 7-9) 
with precipitation thresholds previously published for other landslides. 
Some precipitation parameters were also indicated as causes of 
landslide activity at Karpenciny based on their high correlations with 
dendrochronological records; however, from a geological and geomor-
phological perspective, they cannot themselves effectively affect the 
Fig. 10. Seasonality of precipitation affecting landslide activity at Karpenciny. Interpretation based on the dendrochronological reconstruction of landslides (1971, 
1975, 1981, etc. – dated events), statistical analysis (ten best-correlated precipitation parameters and three seasonal parameters), duration of growing and dormant 
seasons and seasonality of landslide activity in the study area; * the event in 1971 could not be analysed because precipitation in Bukowina Tatrzańska was measured 
only since 01.01.1971, and no data from 1970 are available for comparisons (see Tables B.1 and B.2). 
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studied landslide. This includes short-term (including 24-h) precipita-
tion in February, which is mainly snowfall in the studied area (Bła-
żejczyk, 2019). Its impact on landslide activity is delayed until the 
spring thaw; thus, the total precipitation of particular days in February 
are in fact unimportant. However, such meteorological parameters 
appear to be the best statistical representation of the general importance 
of heavy snowfall at the turn of winter and spring, directly before or 
even at the beginning of the thaw period. Moreover, the high correlation 
of the discussed precipitation parameter with landslides at Karpenciny 
makes it valuable for determining threshold levels. 
4.3. The potential of precipitation thresholds determined from long-term 
reconstructions of landslide activity 
In the case of thresholds based on individual precipitation parame-
ters (Figs. 7 and 8) and thresholds based on pairs of parameters (Figs. C.1 
and 9), we found it easier and more frequently possible to determine 
lower threshold lines (separating precipitation conditions which were 
never related to landslide events in the past) than upper threshold lines 
(separating precipitation conditions which were always related to 
landslide events in the past). Established upper thresholds of precipita-
tion are also less reliable, that is, based on a smaller number of data 
points than the lower thresholds. This is because even though the 
studied period of 1971–2018 covers almost 50 years, the number of 
landslide events dated on one studied slope remains lower (14) than the 
years without events (34). Nevertheless, the idea of determining three 
levels of precipitation that never, sometimes, and always caused land-
slide activity has great practical potential in hazard assessment. This is 
similar to the threshold levels previously established by Govi and Sor-
zana (1980), Glade (2000), and Bíl et al. (2016), who also included 
precipitation levels that never and always cause landslides. This pre-
liminary research indicates that dendrochronology can at least help to 
determine precipitation conditions that are landslide-safe and never 
caused landslide events in the past. Tree rings can also be an efficient 
source of data on levels of precipitation above which landslide accel-
eration is more probable than maintaining slope stability (Figs. 7 and 8), 
similar to probability-based precipitation thresholds for landslides 
established by among all Berti et al. (2012) and Zhao et al. (2019). 
However, the annual (rarely sub-annual) resolution of dendrochrono-
logical dating, which prevents identification of the exact timing and 
causes of landslide activity, is an unavoidable limitation in the practical 
application of precipitation thresholds derived from tree-ring data. 
Generally, thresholds determined from comparisons of tree-ring 
response index with single precipitation parameters (Figs. 7 and 8) are 
a better representation of the relationships between precipitation and 
diverse levels of landslide activity. In contrast, thresholds based on pairs 
of parameters can provide better performance (Figs. 7–9 and Table D.1). 
However, despite the high correlations between the studied precipita-
tion parameters and landslide records, only 27% of the examined pairs 
of parameters meet the assumed primary conditions. These pairs provide 
both upper and lower threshold lines, none of which are horizontal, 
vertical, or incomplete, or can be drawn in two equally effective ways. 
Many examined pairs of precipitation parameters only allowed the 
establishment of threshold lines with the above-mentioned flaws, lines 
that are strongly oblique or even intersect one another. This suggests 
that curved threshold lines should be determined, except for straight 
ones in such cases. The latter is a simplification, assuming proportional, 
linear relations between increases in precipitation and landslide activity. 
However, after precipitation exceeds a certain level, its further increase 
might have a larger or smaller impact on landslides than before, which 
can be reflected in precipitation thresholds established as curved lines 
(e.g. Crosta and Frattini, 2001; Garcia-Urquia, 2016). The issue of 
straight threshold lines is evident for precipitation parameters that can 
only have integral values, particularly parameters such as the number of 
events with daily precipitation lasting several days (Table 1, Figs. 5 and 
6). If those threshold lines are established following the same rules as 
other parameters, they may adopt artificial, unrealistic values, for 
example, a threshold of 1.5 established for the number of events with 
daily precipitation lasting 6–10 days in October (Fig. 7). This particu-
larly concerns thresholds established from pairs of precipitation pa-
rameters. In future research, this could be solved by establishing 
thresholds as steplike and broken lines, similar to some previous studies 
(e.g., Guzzetti et al., 2008; He et al., 2020). 
Precipitation thresholds established from dendrochronological data 
also have limitations similar to those established from other data. In the 
case of the studied slope at Karpenciny, the first issue is the general 
difficulty of establishing precipitation thresholds for deep-seated land-
slides. Unlike shallow landslides triggered by intense short-duration 
rainfall, deep-seated landslides respond to long-term rainfall with high 
and medium intensity (Guzzetti et al., 2007; Segoni et al., 2014a, 
2014b). Reactivation of a deep-seated landslide is considered a complex 
process (Zhang et al., 2006; Vallet et al., 2016) often depending on 
above-average precipitation over several consecutive years (Bonnard 
and Noverraz, 2001). Thus, it is usually difficult to establish clear, 
reliable threshold values of precipitation that cause the activity of deep- 
seated landslides. 
Moreover, although thresholds for Karpenciny are based on a 
particularly long continuous landslide record, which is significantly 
longer than the thresholds established till date (Guzzetti et al., 2007, 
2008; Segoni et al., 2018), there is still a risk of an unprecedented 
landslide event caused by precipitation lower than that arising from 
already existing thresholds. Our analysis conducted at Karpenciny also 
revealed that the landslide-precipitation relationship can change over 
time (Figs. 5 and 6), which may affect the performance of all precipi-
tation threshold types, including those based on tree rings. These 
changes may result from human impact (Garcia-Urquia, 2016; Saito 
et al., 2017), the transformation of the internal structure of a landslide 
during its reactivation (Pineda et al., 2016), or changes in climate 
conditions (Collison et al., 2000; Lopez Saez et al., 2013a). However, the 
magnitude and direction of changes in slope stability in response to the 
forecasted climate change and the related change in the activity or 
frequency of landslides are unclear (Gariano and Guzzetti, 2016). For 
example, in the temperate climatic zone, where the Karpenciny land-
slide is located, a shift towards a more uneven annual distribution of 
precipitation is expected, which would result in alternating periods of 
extreme rainfall and drought. An increase in evaporation is also fore-
casted owing to the increase in air temperature. Simultaneously, pro-
jected changes in annual precipitation totals are ambiguous (Pińskwar 
et al., 2019). Moreover, the impact of climate change on landslides de-
pends on the local conditions of slope stability. Although precipitation 
thresholds of landslide activity will surely vary with climate change, the 
exact direction of this transformation is difficult to forecast. Thus, the 
long-term relevance of the presently developed thresholds is uncertain. 
From this perspective, the dendrochronological long-term records of 
landslide activity can be considered particularly valuable, as they can 
reveal how the response of landslides to precipitation has varied in the 
last few decades within the ongoing climate change. 
The analysis conducted in this study has also demonstrated other 
advantages of precipitation thresholds established from long-term 
dendrochronological reconstructions of landslides. Based on tree-ring 
reconstruction, we provided data on precipitation-landslide relation-
ships, including thresholds, for a region where precipitation thresholds 
of landslide activity are rare (e.g. Gil and Długosz, 2006). According to 
Guzzetti et al. (2007) and Segoni et al. (2018), data from systematic 
monitoring and observations of landslide activity are limited or absent 
in many regions worldwide. Therefore, dendrochronology can help fill 
this gap and contribute also to threshold calculation. 
The analysis of causes for landslide reactivations conducted at Kar-
penciny consists of an almost 50-year comparison between precipitation 
records and continuous records of landslide activity, which is signifi-
cantly longer than landslide datasets commonly available with other 
methods of monitoring or reconstruction. Moreover, dendrochronology 
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enabled us to determine precipitation thresholds for a single landslide 
slope. Such combinations of long datasets with an individual approach 
to single landslides have been rare in threshold analyses (e.g. Xu et al., 
2020). However, such approach is promising as it highlights the local, 
site-specific causes, which are particularly important in hazard analyses. 
Moreover, individually determined thresholds reflect the impact of 
depth, structure, and morphological types of landslides that can differ-
entiate the causes and timing of events even between adjacent slopes 
(Tong and Schmidt, 2016; Remaître and Malet, 2017; Watakabe and 
Matsushi, 2019). Likewise, Wistuba et al. (2021) demonstrated that in 
addition to revealing significant differences in landslide causes, tree-ring 
analyses also facilitate the determination of similarities in the activity of 
landslides in one region, that is, shared causes which might be a basis for 
regional precipitation thresholds. 
5. Conclusions 
An extended statistical comparison of the 48-year long reconstruc-
tion of landslide activity at Karpenciny with numerous precipitation 
parameters revealed patterns that are significant in establishing pre-
cipitation thresholds. The results indicated that landslide activity can 
depend on long preparatory precipitation from the preceding summer 
half-years or even before, but primarily of the previous autumn and 
thaw of present spring. We also demonstrated that the activity of one 
landslide can be directly caused by more than one factor (in the studied 
case: spring thaw, precipitation of present summer, and present 
autumn). Moreover, particular landslide accelerations (events) can 
correspond to more than one direct cause, all found in the same calendar 
year. Thus, landslides can begin with one of the revealed causes, 
continue in the following months, and be enhanced by other factors. 
We also determined specific precipitation parameters crucial for the 
activity of the Karpenciny landslide. The characteristics of these pa-
rameters indicate that meteorological conditions favouring landslide 
acceleration, which are potentially essential for precipitation thresholds, 
can include the following:  
- long-term periods of preparatory precipitation,  
- precipitation not occurring below a critical minimum level that 
sustains slope imbalance,  
- generally, wet conditions that are represented by frequent and long- 
lasting precipitation, regardless of its total. 
Consequently, our findings enabled us to develop precipitation 
thresholds based on both long-term antecedent precipitation and direct 
triggers. The former can be observed and measured in advance. Thus, it 
can be used as an early sign of potential landslide reactivation, indi-
cating that further meteorological monitoring should focus on the 
possible occurrence of a particular direct trigger included in the 
threshold. 
Analysis of precipitation thresholds determined for the Karpenciny 
landslide revealed the significant potential of the dendrochronological 
approach in determining:  
- landslide-safe conditions, that is, levels of precipitation which have 
never been related to landslide events,  
- levels of precipitation above which landslide reactivation is more 
probable than maintenance of slope stability. 
In particular, thresholds determined from single precipitation pa-
rameters encompass the entire relationship between precipitation and 
diverse levels of landslide activity. However, thresholds determined 
from pairs of precipitation parameters generally provide a better 
performance. 
The regularity of landslide-precipitation dependence and precipita-
tion thresholds determined in our study would not be revealed with 
standard methods and standard precipitation parameters applied in 
threshold analyses. Thus, the dendrochronological approach involving 
multiple precipitation parameters enabled us to establish precipitation 
thresholds for the studied unmonitored landslides. Furthermore, it 
generated extended data on landslide activity and causes that can add to 
the results of other methods, and aid in understanding landslide re-
sponses to meteorological causes of reactivations. 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.enggeo.2021.106398. 
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Warszawa (in Polish: Explanations for the map of landslides and areas endangered 
by mass movements. Scale 1:10000, Zakopane Commune, tatrzański district, 
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Wistuba, M., Malik, I., Wójcicki, K., Michałowicz, P., 2015. Coupling between landslides 
and eroding stream channels reconstructed from spruce tree rings (examples from 
the Carpathians and Sudetes – Central Europe). Earth Surf. Process. Landf. 40, 
293–312. https://doi.org/10.1002/esp.3632. 
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